PURPOSE. Studies of Fuchs' dystrophy have largely focused on individuals of European origin. Characterization of disease among African Americans is required to ensure prognostic factors and therapeutic approaches are applicable across diverse patient populations.
F uchs' corneal dystrophy (FCD) is a hereditary corneal condition resulting in bilateral, progressive vision loss in middle age. The leading indication for corneal transplantation in the United States, 1 it is pathologically characterized by formation of guttae, excrescences of Descemet membrane, and associated with corneal endothelial cell loss. Edema begins in early stages 2 and progresses to painful bullous keratopathy in late stages of disease.
Differences exist across populations in the presentation of FCD, and worldwide, estimates of FCD prevalence vary across regions when viewed as an indicator for corneal transplantation. 3 In the United States, previous studies suggest that African Americans demonstrate similar rates of mild disease but are less likely to progress to a more severe phenotype. 4 This is supported by distinctions in corneal transplantation rates between black and white patients. 5 To date, the largest investigations recruiting patients with Fuchs' dystrophy have generally drawn from white populations, who comprise 93% or more of participants in such studies, 6 although the presence of Fuchs' dystrophy among African Americans has been documented for over a century. 7 Research that includes diverse patient populations is important to ensure that conclusions drawn, and potential therapies developed, are broadly applicable. To characterize clinical and genetic features of disease among black and white Americans with Fuchs' dystrophy, we utilized a two-step approach: first, an investigation of our cataract population for an association between Fuchs' dystrophy diagnosis and self-reported race, and second, assessment of CTG18.1 trinucleotide repeat expansion in patients from both populations to determine whether the frequency of trinucleotide repeat expansion may contribute to such a measured association.
METHODS

Retrospective Chart Review
To confirm whether FCD is diagnosed at a comparable rate between black and white individuals in our patient population, we retrospectively selected from coding data all patients who presented to a single tertiary care institution (Wilmer Eye Institute) from June 6, 2014 to June 6, 2017, who were 40 to 110 years of age and received an encounter diagnosis of cataract. Among such patients, race was defined by selfassessed categorization at the time of registration, and we assessed the total number of persons who identified as black or white. The number of patients with concurrent diagnosis of Fuchs' dystrophy and cataract in each group was summated. Cataract was chosen as a concurrent diagnosis since it is independent from FCD pathogenesis, evaluation includes testing for Fuchs' dystrophy, and to limit, to the extent possible, confusion between Fuchs' dystrophy and pseudophakic bullous keratopathy, which would be expected to occur in the setting of pseudophakia. Odds ratio and v 2 analyses were employed to assess for an association between race and affection in the cataract cohort.
Genetic Characterization
To understand the prevalence of CTG18.1 trinucleotide repeat expansion in TCF4 across populations, we explored expansion rate among black and white members of a longitudinal cohort of Fuchs' dystrophy. Patients were recruited after slit-lamp examination revealed clinically significant FCD, defined as at least 12 central guttae in either eye, or 5 central guttae in both eyes. Severity of FCD was graded using the Krachmer scale. 8 The participants provided a blood sample from which genomic DNA was extracted using a commercial blood and tissue kit (DNeasy; Qiagen, Hilden, Germany). Race was self-reported by patients.
The protocols in this study were approved by the Institutional Review Board of the Johns Hopkins University School of Medicine and adhere to the tenets of the Declaration of Helsinki. Informed consent was obtained from the subjects after explanation of the nature and possible consequences of the study.
The CTG18.1 trinucleotide repeat length was determined using the two-step, triplet repeat primed PCR (TP-PCR) protocol as described by Vasanth et al. 9 The forward primer (P1) was labeled with 6-carboxyfluorescein (5 0 CAGAT GAGTTTGGTGTAAGATG 3 0 ). The two unlabeled reverse primers were P2 (5 0 TACGCATCCCAGTTTGAGACGCAGCAG CAGCAGCAG 3 0 ) and P3 (5 0 TACGCATCCCAGTTTGAGACG 3 0 ). We added 1 lL genomic DNA was mixed with 13.5 lL of supermix (Platinum PCR Supermix High Fidelity; Life Technologies), and 0.1 lL of P1 and P2. This was cycled at 958C for 5 minutes; 958C for 30 seconds, 588C for 1 minute, 688C for 4 minutes 3 20 cycles, with an additional 15 seconds for each of the 8th to 20th cycle, 688C for 10 minutes. We added 2 lL of the PCR products to 13 lL of supermix and 0.1 lL of P1 and P3. This was cycled at 958C for 5 minutes; 958C for 30 seconds, 628C for 1 minute, 688C for 6 minutes 3 25 cycles; 688C for 10 minutes. The final PCR products were resolved in a DNA Analyzer (ABI3730XL; Applied Biosystems, Inc., Foster City, CA, USA) with a dye size standard (GeneScan 500 Liz; Life Technologies). The results were analyzed using Gene Mapper (Applied Biosystems, Inc.).
Statistical Analysis
Statistical analysis was carried out using statistical software (IBM SPSS, version 24; SPSS, Inc., Chicago, IL, USA). The mean age and mean Krachmer grading of the groups were compared using the independent-samples Mann-Whitney U test. Association between allele expansion, biallelic expansion, and race was examined using one-sided Fisher's exact test. A standard regression analysis was performed to identify the best-fit correlation model between Krachmer grading and age.
Stepwise multiple regression analysis, using probability of F as stepping criteria; with F 0.050 for entry and F ‡ 0.100 for removal, was carried out to evaluate age, sex, race, and allelic expansion as predictors of Krachmer grading. Data from our previously reported cohort was used to compare the association between allele expansion and race. For consistency with previous studies, alleles with >40 CTG repeats were considered expanded, but additional calculations to consider a cutoff of 50 CTG repeats were implemented. Clinical grading using the Krachmer scale 8 was documented for each eye. An average Krachmer grading of the two eyes was used. Participants with a history of corneal transplant were given a Krachmer grade of 6 in that eye.
RESULTS
Clinical Cohort
A total of 65,476 individuals presented for a clinical encounter with diagnosis of cataract during the time interval, of whom 59,365 self-reported as black or white. Table 1 reveals classification by race and affection. Relative to white patients, the odds ratio of Fuchs' dystrophy diagnosis among African Americans was 0.6992 (95% CI, 0.6210-0.7872).
Genetic Characterization
A total of 609 participants, 60 black and 549 white, were selected from a longitudinal study of FCD. We found CTG18.1 trinucleotide repeat expansion in 35.0% (21/60) of black and in 62.5% (343/549) white individuals, a significant association between race and CTG18.1 repeat expansion (P ¼ 7.7 3 10 À5 , two-sided Fisher's exact test). A cutoff of 50 rather than 40 repeats, as has been reported in some studies, resulted in one black and four white individuals considered as nonexpanded, but the results remained significant (P ¼ 2.8 3 10 À5 ). Biallelic expansion was seen in 1.7% (1/60) of black and 2.4% (13/549) of white cases, using >40 repeats as the threshold. No significant difference was demonstrated between the proportion of biallelic expansions between the two groups (P ¼ 0.572, two-sided Fisher's exact test). Within each group, the distribution of copy number was comparable among black and white individuals, with median copy length of 18 among black persons without expansion and 91 repeats among those with the expanded allele, compared to 17 and 90.5 in white persons, respectively.
In black patients with Fuchs' dystrophy, the mean Krachmer grade without repeat expansion was 2.72 (median 2þ), while with repeat expansion it was 3.44 (median 4þ). In white Study patients with cataract over a 3-year period aged older than 40 years, by race and affection with Fuchs' dystrophy. Of 59,365 patients evaluated for cataract, 3.3% carried a concurrent diagnosis of Fuchs' dystrophy. The association between race and affection is significant (chi squared, P < 0.001). Approximately 35% of black and 62.5% of white participants harbored repeat expansion. A majority of participants were female in both cohorts; no association was found between race and sex. patients, the mean Krachmer grades were 2.55 (median 2þ) and 3.22 (median 3þ), respectively, for the associated genotypes. To explore contributors to this apparent worsening of severity with repeat expansion, a multivariable linear regression model with variables of age, race, sex, and repeat expansion status was produced. Notably, repeat expansion, but not race, nor other variables, were significantly associated with worsening of the disease phenotype. Details are included in Table 3 .
DISCUSSION
In this study, we demonstrate decreased odds of presenting with Fuchs' dystrophy in a large sample of African Americans presenting to a hospital system in the United States, and that self-reported black patients with Fuchs' dystrophy are less likely to harbor expansion of the CTG18.1 trinucleotide repeat in TCF4 compared to white affected individuals.
Rates of CTG18.1 trinucleotide repeat expansion have been shown to vary across populations globally, with 25 of 57 affected Chinese patients from Singapore 10 and 15 of 44 Indian patients 11 demonstrating the expanded repeat. These stand in contrast to data from the United States, in which a majority of white patients with Fuchs' dystrophy harbor CTG18.1 expansion. 12 Given that a significant proportion of Fuchs' dystrophy among African Americans is likely related to factors beyond trinucleotide repeat expansion, alternative factors contributing to the disease state must be identified. These data suggest a role for additional variants in the causal pathway; previous research has found that mutations in SLC4A11, TCF8 and COL8A2 do not appear to the predominant contributors to disease in this population. 13 Despite distinctions in the predominant genotype, both African American and white groups in this study were composed predominantly of female participants. These data are consistent with a cohort of patients with Fuchs' dystrophy previously reported that included a subset of 14 AfricanAmericans; all were women, 2 of whom harbored repeat expansion. 14 Although we found decreased odds of presenting with Fuchs' dystrophy in a tertiary care center among African American patients, both a lesser population prevalence or decreased severity may affect rates of presentation. While an analysis of Medicare codes has shown that FCD appears to be diagnosed less often among African-Americans, with the diagnosis of FCD attributed to 1.55% of white and 1.38% of black patients, 5 Lorenzetti 4 found a similar rate of black and white individuals with any degree of guttae but worse disease among white persons. We and others have previously shown that CTG18.1 expansion may affect clinical severity, 8, 14 including an increase in the need for cornea transplantation. 15 Therefore, the data reported here may help clarify reports of decreased transplantation rates among African Americans with Fuchs' dystrophy. 5 In both groups, we utilized triplet-primed PCR, a technique that has been shown to increase the accuracy of detecting large expanded alleles. 16 However, given that some extremely large expansions may avoid detection even with this method, the proportions described here err on the side of a conservative estimate of rates of repeat expansion in each group. There was no substantial difference in rates of repeat expansion between cutoff values of 40 or 50 repeats.
Given that race is a social construct, it is important to clarify interpretability of data from this study. The information presented here reflects population samples and its application for counseling of any one individual reflects probability. The terms ''black'' and ''white'' were used to describe categories from clinical registration data; however, a broad set of ethnic groups identify as white or black, and significant genetic variability exists across populations within and between continents. [17] [18] [19] Differences in the frequency of alleles in selfreported racial or ethnic groups reflect history and movement of populations 18 ; prevalence rates will vary across subsequent years and generations. We use the term ''African American'' to describe this sample that is generated from an American population, with the understanding that allele frequency will likely vary if tested among self-identified black individuals across countries and continents.
Nevertheless, it is important to ensure that research is inclusive of diverse segments of the population. Given the promise of gene therapy in medicine, building an understanding of disease-associated genetic variants across populations allows scientists to ensure the broad applicability of future therapies; otherwise, benefits may be limited to the specific segment of the population previously studied.
In summary, African-Americans with Fuchs' dystrophy were less likely to demonstrate expansion of the CTG18.1 trinucleotide repeat in TCF4 relative to white participants in this study. The findings carry implications for understanding perceived population differences in severity and prevalence. CTG18.1 expansion, rather than race, accounted for worsening of the disease phenotype.
